Monocular myopic defocus and daily changes in axial length and choroidal thickness of human eyes by Chakraborty, Ranjay et al.
This is the author’s version of a work that was submitted/accepted for pub-
lication in the following source:
Chakraborty, Ranjay, Read, Scott A., & Collins, Michael J. (2012) Monoc-
ular myopic defocus and daily changes in axial length and choroidal thick-
ness of human eyes. Experimental Eye Research, 103, pp. 47-54.
This file was downloaded from: http://eprints.qut.edu.au/55086/
c© Copyright 2012 Academic Press
Notice: Changes introduced as a result of publishing processes such as
copy-editing and formatting may not be reflected in this document. For a
definitive version of this work, please refer to the published source:
http://dx.doi.org/10.1016/j.exer.2012.08.002
   
1 
 
Title: Monocular Myopic Defocus and Daily Changes in Axial Length and Choroidal Thickness 
of Human Eyes    
 
Authors:   
Ranjay Chakrabortya     
Email: ranjay.chakraborty@student.qut.edu.au,  
 
Scott A. Reada  
Email: sa.read@qut.edu.au 
 
Michael J. Collins.a  
Email: m.collins@qut.edu.au 
 
Corresponding author:  Ranjay Chakrabortya  
 
Affiliation: aContact Lens and Visual Optics Laboratory, School of Optometry and Vision Science 
Queensland University of Technology (QUT) 
Room B562, O Block, Victoria Park Road, Kelvin Grove 4059, Brisbane  
Queensland, Australia 
Phone: 617 3138 5709, Fax: 617 3138 5665 
 
Number of Tables: 3 
Number of Figures: 4 
Word Count: 4,514 words.       
 
   
2 
 
Abstract:  
Recent research indicates that brief periods (60 minutes) of monocular defocus lead to small but 
significant changes in human axial length.  However, the effects of longer periods of defocus on the 
axial length of human eyes are unknown. We examined the influence of a 12 hour period of monocular 
myopic defocus on the natural daily variations occurring in axial length and choroidal thickness of 
young adult emmetropes. A series of axial length and choroidal thickness measurements (collected at 
~3 hourly intervals, with the first measurement at ~9 am and the final measurement at ~9 pm) were 
obtained for 13 emmetropic young adults over three consecutive days. The natural daily rhythms (Day 
1, baseline day, no defocus), the daily rhythms with monocular myopic defocus (Day 2, defocus day, 
+1.50 DS spectacle lens over the right eye), and the recovery from any defocus induced changes (Day 
3, recovery day, no defocus) were all examined. Significant variations over the course of the day were 
observed in both axial length and choroidal thickness on each of the three measurement days 
(p<0.0001). The magnitude and timing of the daily variations in axial length and choroidal thickness 
were significantly altered with the monocular myopic defocus on day 2 (p<0.0001). Following the 
introduction of monocular myopic defocus, the daily peak in axial length occurred approximately 6 
hours later, and the peak in choroidal thickness approximately 8.5 hours earlier in the day compared to 
days 1 and 3 (with no defocus). The mean amplitude (peak to trough) of change in axial length (0.030 
± 0.012 on day 1, 0.020 ± 0.010 on day 2 and 0.033 ± 0.012 mm on day 3) and choroidal thickness 
(0.030 ± 0.007 on day 1, 0.022 ± 0.006 on day 2 and 0.027 ± 0.009 mm on day 3) were also 
significantly different between the three days (both p<0.05). The introduction of monocular myopic 
defocus disrupts the daily variations in axial length and choroidal thickness of human eyes (in terms of 
both amplitude and timing) that return to normal the following day after removal of the defocus.     
 
Keywords: axial length, choroidal thickness, monocular defocus, daily variation, myopia.  
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1. Introduction 
It is well established, primarily from work with avian (Irving et al., 1992; Schaeffel et al., 1988) and 
primate (Graham and Judge, 1999; Hung et al., 1995) animal models that exposing the eye to optical 
defocus can lead to predictable changes in eye growth and the development of refractive errors.  These 
defocus induced changes are consistent with the visual system altering the length of the eye to match 
the position of the retina to the plane of focus within the eye (Wallman et al., 1995), and involve both 
longer term changes in scleral growth, and shorter term variations in choroidal thickness (Hung et al., 
2000; Wallman et al., 1995). Recent research on young adult human subjects has also reported small, 
bidirectional changes in axial length  in response to short term exposure (60 minutes) to monocular 
hyperopic and myopic defocus, that appears to be largely modulated by changes in choroidal thickness 
(Read et al., 2010).    
 
Defocus imposed upon young chick eyes, has also been found to significantly disrupt the natural 
diurnal rhythms that occur in eye length and choroidal thickness (Nickla et al., 1998; Nickla, 2006; 
Papastergiou et al., 1998). In the eye’s of normally growing young chicks, eye length and choroidal 
thickness typically exhibit natural diurnal rhythms that are in antiphase, where the eye is longer and 
the choroid is thinnest during the day, and the eye is shortest and the choroid is thickest at night 
(Nickla et al., 1998; Nickla et al., 2001; Nickla, 2006; Papastergiou et al., 1998). The introduction of 
hyperopic defocus is associated with small phase shifts in these diurnal rhythms, leading to an 
enhanced ocular elongation in the morning and a significant choroidal thickening during the night. In 
chick eyes exposed to myopic defocus, eye length exhibits a significant phase delay relative to normal 
eyes, while the diurnal rhythms in choroidal thickness are significantly phase-advanced (a greater 
choroidal  thickening occurring in the day) resulting in the two rhythms becoming in-phase with one 
another, decreasing the axial growth of the eye.   
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Natural variations in axial length over the course of the day have also been documented to occur in 
normal adult human eyes (Read et al., 2008; Stone et al., 2004; Wilson et al., 2006), with the 
maximum axial length typically occurring during the day, and the minimum at night. It has also 
recently been shown that the diurnal rhythms in axial length involve variations in the thickness of the 
choroid in humans, as the average timing of the shortest axial length tends to coincide with the average 
timing of the thickest choroid (approximately anti-phase) (Chakraborty et al., 2011). Although human 
axial length is known to undergo significant daily variation, and is also known to be effected by short 
(60 minutes) periods of monocular defocus (Read et al., 2010), the influence of longer periods of 
optical defocus on the natural daily variations in axial length and choroidal thickness in human eyes is 
not known.   
 
Optical blur plays a role in the development of refractive errors in animals, and recent finding suggest 
that short periods of optical defocus (60 minutes) lead to changes in ocular dimensions in human eyes.  
Therefore, in this study, we have examined the influence of a longer period (12 hours) of monocular 
myopic defocus upon the normal daily variations in axial length (AL, the distance from the anterior 
corneal surface to the retinal pigment epithelium, RPE) and choroidal thickness in young adult 
emmetropic human subjects.   
 
2. Material and methods 
2.1. Subjects and procedures  
Thirteen young adult, near-emmetropic subjects aged between 18 and 30 years (mean ± SD, 26.46 ± 
2.33) were recruited for the study. Twelve of the subjects were male. Before the study, each subject 
underwent an ophthalmic examination to ensure good ocular health, normal binocular vision and to 
determine their refractive status. The mean spherical equivalent refraction (SER) for the subjects was -
0.05 ± 0.12 DS (range, 0.00 to -0.375 DS). No subject exhibited anisometropia greater than 0.50 DS or 
cylindrical refraction greater than 0.25 DC. All subjects had normal visual acuity of logMAR 0.00 or 
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better.  Approval from the university human research ethics committee was obtained, and all subjects 
gave written informed consent. All subjects were treated in accordance with the Declaration of 
Helsinki.       
 
To investigate the effects of monocular myopic defocus on daily ocular variations, measurements of 
axial length and choroidal thickness were collected from both eyes over three consecutive days. On 
each day, 5 measurement sessions were carried out at 2.5 to 3 hourly intervals, with the first 
measurement taken at approximately 9 am (~1–2 hours after subjects had awoken) and the final 
measurement at approximately 9 pm. By using this measurement protocol we aimed to minimise the 
interruption to our subject’s normal daily activities and sleep patterns, as well as capturing a large 
proportion of the previously documented 24 hour variations in axial length and other ocular biometric 
parameters (Read et al., 2008).  The first day (baseline day, no defocus) examined the normal 
variations in axial length and choroidal thickness with no defocus, day 2 (defocus day) investigated the 
influence of monocular myopic defocus (+1.50 DS right eye) on these daily variations, and day 3 
(recovery day, no defocus) examined the recovery from any defocus induced changes in the eye from 
the preceding day.   
 
To induce monocular defocus on day 2, following the first measurement session, subjects wore 
spectacles that induced myopic defocus in their right eye only (+1.50 DS right eye, plano left eye) for 
the entire day. To maintain consistency in the experimental conditions over the three testing days, on 
days 1 and 3, subjects wore plano spectacles (with zero dioptric power in both eyes).  Each 
measurement session took approximately 10-15 minutes to complete, and subjects undertook their 
regular daily activities between the measurement sessions.  Given that factors such as accommodation 
(Drexler et al., 1998; Mallen et al., 2006), and exercise (Read and Collins, 2011) are known to cause 
short term changes in axial length, prior to each measurement a period of 10 minutes of binocular 
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distance viewing (sitting, watching television at a distance of 6 metres) was observed to minimize the 
influence of previous visual tasks on the measurements.  
 
A non-contact optical low-coherence reflectometry (OLCR), device (Lenstar LS 900; Haag–Streit AG, 
Koeniz, Switzerland) was used for ocular biometry measurements.  This instrument automatically 
derives measurements of axial length and other ocular biometrics including central corneal thickness 
(CCT), anterior chamber depth (ACD), and lens thickness (LT) (Buckhurst et al., 2009; Cruysberg et 
al., 2010; Holzer et al., 2009). Five measurements for each subject at each measurement session were 
averaged for further analysis. 
 
The Copernicus SOCT HR spectral domain optical coherence tomographer (SD-OCT, Optopol 
Technology SA, Zawiercie, Poland) was used to provide measures of choroidal thickness.  This device 
utilizes a light source with a peak wavelength of 850 nm and a scanning speed of 52,000 A-scans/sec 
to provide cross sectional posterior eye images with axial resolution of 3 µm, and transverse resolution 
of 12-18 µm. Images were captured using the instrument’s animation scan mode, which allows 
multiple B-scans to be collected from the same retinal location.  At each session, three 5 mm 
horizontal foveal line scans (each consisting of 50 B-scans, with 1500 A-scans per B-scan, with an 
acquisition time of 1.14 sec) were obtained with image quality index (QI) of >4 (average QI was 5.73 
± 0.74).  
 
To confirm the level of accommodation employed during near tasks for the monocular myopic defocus 
condition, objective measurements of ocular refraction were obtained three times on day 2 (at baseline 
with no defocus and at the third and final measurement session with monocular myopic defocus) in the 
left eye using the Canon R1 (Canon R1; Canon USA, Lake Success, NY) open field, infrared 
autorefractometer (Davis et al., 1992) for distance (6 m), intermediate (60 cm) and near (30 cm) 
   
7 
 
fixation. The mean SER was calculated for each subject from a total of five readings at each session, 
and the change in SER was determined for the three measurement sessions.    
 
To examine subjective comfort and compliance with the defocusing spectacles, all the subjects were 
asked to report upon any removal of the spectacles, along with any asthenopic symptoms with the 
lenses at each measurement session on day 2. Only three subjects reported some minor asthenopic 
symptoms (mostly tired eyes) whilst wearing the monocular myopic defocus, and no participants 
reported that they had removed the spectacles during the study.  
 
2.2. Data analysis   
Following data collection, the OCT data was exported from the instrument for further analysis using 
custom written software. The software registered and aligned each of the 50 individual B-scans in 
order to calculate an average B-scan image with reduced speckle noise and enhanced visibility of the 
choroid for each measurement session (Alonso-Caneiro et al., 2011). Each of the three averaged 
images from each subject at each session were then analysed by an experienced masked observer to 
manually segment the outer boundary of the RPE and the inner boundary of the choroidal/scleral 
interface (Figure 1). Choroidal thickness (the distance from the RPE to the choroidal/scleral interface) 
in a range of different zones was then calculated based upon this manual segmentation, including the 
subfoveal choroidal thickness, and the parafoveal choroidal thickness (for both nasal and temporal 
regions, within a series of 0.5 mm width zones located at 0.5, 1.0 and 1.5 mm from foveal centre).   
 
The average of all biometric parameters for each subject at each measurement session was then 
calculated. The right and the left eye data were analysed separately, in order to examine the influence 
of defocus on the right eye and any crossover effects in the non-defocused left eye.  The mean 
amplitude of change (the difference between the maximum and minimum) was also calculated for 
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each variable for each measurement day. For axial length (and the anterior eye biometric variables) 
and sub-foveal choroidal thickness, a repeated measures analysis of variance (ANOVA) with two 
within-subjects factors (time of day and day of measurement) was carried out to investigate the 
significance of daily changes in each parameter. For the parafoveal choroidal thickness data, two 
additional within-subjects factors (parafoveal eccentricity [0.5 mm, 1.0 mm and 1.5 mm from foveal 
centre] and region [nasal or temporal]) were included in the repeated measures ANOVA. Pairwise 
comparisons with Bonferroni correction were performed for any variables with significant main 
effects and interactions. To investigate the association between the daily variations in axial length and 
choroidal thickness, an analysis of covariance (ANCOVA) was carried out for the analysis of repeated 
measures (Bland and Altman, 1995). To provide an assessment of the within-session variability for 
each of the measured parameters on each measurement day, the average within-subject standard 
deviation (SD), range, and coefficient of variation for each measured variable were calculated.   
 
3. Results  
3.1. Within-session measurement repeatability 
The within-session variability (within subject SD and coefficient of variation) was small for both axial 
length (within-session SD, 0.007 mm), and choroidal thickness (within-session SD ranges, 0.006 to 
0.008 mm for subfoveal and parafoveal choroidal thickness) (Table 1).   
 
 3.2. Axial length  
The mean magnitude and pattern of daily variations in axial length over each of the three days in the 
right and left eyes are illustrated in Table 2 and Figure 2. For the right eye (that was exposed to 
myopic defocus on day 2), axial length underwent significant variation over the course of the day 
(within subjects effect of time p<0.0001), and the magnitude and timing of these daily changes in axial 
length were significantly altered with the introduction of myopic defocus on day 2 (day by time 
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interaction, p<0.0001). On day 2 (with +1.50 DS monocular defocus) on average the longest axial 
length was observed approximately 6 hours later in the day (mean peak time 18:23) compared to days 
1 and 3 with no defocus (mean peak time of 12:27 and 12:20 on days 1 and 3 respectively). The mean 
amplitude (peak to trough) of change in axial length was also significantly different between days 
(mean amplitude 0.030 ± 0.012, 0.020 ± 0.010 and 0.033 ± 0.012 mm for days 1, 2 and 3 respectively, 
p=0.01). Pairwise comparisons revealed that on day 2 (with defocus), significant differences (p<0.05) 
in the changes in axial length occurred at the second, fourth and final measurement sessions compared 
to days 1 and 3 (with no defocus). No significant differences were observed in any of the axial length 
measures between days 1 and 3 with no defocus (p>0.05, for all pairwise comparisons). There were 
also no significant differences (p>0.05) between the axial length measures at baseline (i.e. first 
measurement on each day) on any of the days. Repeated measures ANOVA also revealed a significant 
effect of measurement day for axial length, as the mean axial length on day 2 was 0.006 ± 0.001 mm 
longer than the mean axial length on days 1 and 3 (p=0.01, Table 2).   
 
For the left eye (that was not exposed to defocus), significant daily variations (p<0.0001) in axial 
length were also observed across the three days. However, there was no significant difference in the 
magnitude or timing of daily variations in axial length over the three days (p>0.05, day by time 
interaction), indicating no significant effect of defocus transferring to the fellow (left) eye. The 
baseline axial length measurements were also not significantly different between the right and left eyes 
on any of the three measurement days (p=0.24).   
 
3.3. Subfoveal choroidal thickness  
Subfoveal choroidal thickness underwent significant variation over the course of the day (p<0.05, 
repeated-measures ANOVA) on each of the three measurement days in both right and left eyes (Table 
2, Figure 3). For the right eye, the introduction of defocus on day 2, led to significant changes in the 
pattern of daily variations in choroidal thickness compared to the other two days (p<0.01, day by time 
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interaction).  On day 2 (with monocular defocus), the timing of the occurrence of the thickest choroid 
occurred approximately 8.5 hours earlier in the day (mean timing of thickest choroid 12:25) compared 
to the baseline (day 1) and recovery (day 3) days with no defocus (mean time 20:59 on days 1 and 3).  
The mean amplitude (peak to trough) of change in choroidal thickness was also significantly different 
between days (mean amplitude 0.030 ± 0.007, 0.022 ± 0.006 and 0.027 ± 0.009 mm for days 1, 2 and 
3 respectively, p=0.03). The choroidal thickness changes observed on day 2 with defocus, at both the 
fourth and final measurement sessions were significantly different to the changes observed on days 1 
and 3 with no defocus (pairwise comparisons, p<0.05).  Additionally, the daily variations in choroidal 
thickness on days 1 and 3 were not significantly different, and no significant differences were 
observed between the baseline choroidal thickness (at session 1) on either of the three days (p>0.05, 
pairwise comparisons).  
 
For the left eye, that was not exposed to defocus, significant daily variations of choroidal thickness 
were also observed, with the thickest choroid typically observed at the final measurement session on 
all three days  (p<0.0001). However, there was no evidence of a statistically significant change in the 
daily variations in choroidal thickness in the left eye, associated with the defocus introduced to the 
right eye on day 2 (day by time interaction, p=0.80). The baseline choroidal thickness measurements 
were not significantly different between eyes on any of the three days (p=0.31).     
 
Analysis of covariance revealed a significant negative association between the changes in axial length 
and choroidal thickness over the three testing days in both the defocused right eye (slope = -0.356; r² = 
0.11, p<0.0001) as well as the contralateral left eye with no defocus (slope = -0.414; r² = 0.13, 
p<0.0001).  
   
3.4. Parafoveal choroidal thickness  
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Table 3 displays the mean choroidal thickness and amplitude of daily change in the parafoveal 
choroid, for both nasal and temporal regions in 0.5 mm width zones located 0.5, 1 and 1.5 mm from 
the foveal centre. Choroidal thickness exhibited a significant variation with peripheral eccentricity 
(p<0.0001), being significantly thinner in the more peripheral locations, however there was no 
significant difference between the nasal and temporal regions (p>0.05). Figure 4 illustrates the mean 
daily variations in choroidal thickness observed in the different parafoveal eccentricities (averaged 
across the nasal and temporal regions) over the three days of testing.  Significant daily changes were 
also observed in the parafoveal choroidal thickness for both the right and left eyes (p<0.0001, within 
subjects effect of time). Similar to the subfoveal choroidal thickness results, for the right eye (that was 
exposed to defocus), the pattern of daily variations in the parafoveal choroid with defocus (day 2) 
were significantly different to the variations observed on days 1 and 3 with no defocus (p=0.01, day by 
time interaction). Repeated-measures ANOVA revealed no significant region (nasal versus temporal 
region) by day by time (p=0.22) or eccentricity (0.5 mm, 1.0 mm or 1.5 mm from foveal centre) by 
day by time (p=0.58) interaction, indicating a similar magnitude and pattern of daily variation  
between the different parafoveal zones across the days. Parafoveal choroidal thickness in the fellow 
(left) eye also exhibited significant daily variations (p<0.0001, time), however no significant effects of 
defocus were evident (p=0.46, day by time interaction).   
 
3.5. Other ocular biometrics   
CCT and ACD also underwent significant daily variations in both right and left eyes (p<0.05, within-
subject effects of time) on each of the three days. CCT was typically thickest in the morning (session 
1), and underwent significant thinning (p<0.005) throughout the day. ACD was typically shallowest in 
the morning and deepest towards the end of the day, with a mean amplitude of change of 0.051 ± 
0.035 mm (p<0.05). No significant daily variations were observed in LT (p=0.59) (assessed in 10 
subjects, because of a poor signal from the posterior lens surface in the A-scan data for the other 3 
subjects) on any of the three days of measurement. There was no evidence of significant change in the 
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daily rhythms of any of the anterior segment biometric parameters associated with the introduction of 
defocus on day 2 (p>0.05, time-day interaction).  
 
3.6. Autorefraction  
Analysis of the autorefraction data collected on the left eye (with no defocus) during binocular fixation 
of distance, near and intermediate targets, revealed only very small, statistically insignificant (p>0.05) 
changes in the SER of the left eye associated with monocular defocus of the right eye on day 2. The 
mean change in SER compared to baseline (no defocus) was typically ≤ 0.1 D (p>0.05), indicating that 
the accommodative behaviour of the subjects with monocular myopic defocus in place did not change 
significantly compared to the no defocus condition. In other words, the subjects appear to have 
continued focusing with the left (no defocus) eye while the right eye was subjected to the intended 
continuous myopic defocus. 
 
4. Discussion 
This study demonstrates that exposing young adult human eyes to monocular myopic defocus leads to 
a significant disruption (in terms of both amplitude and timing) in the normal daily rhythms of axial 
length and choroidal thickness. We observed significant reductions in the mean amplitude of daily 
change, and shifts in the peak timing of the daily rhythms in axial length and choroidal thickness 
associated with defocus. Although this is the first study to examine the influence of optical defocus 
upon daily rhythms in human eyes, our results are consistent with the general findings of reports in 
other animals (Nickla et al., 1998; Nickla, 2006; Papastergiou et al., 1998) where diurnal fluctuations 
in axial length and choroidal thickness were also disrupted by optical defocus.       
 
It is well known from work in a variety of animal models (Graham and Judge, 1999; Hung et al., 1995; 
Hung et al., 2000; Irving et al., 1992; Nathan et al., 1984; Ni et al., 1989; Nickla et al., 1997;      
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Schaeffel et al., 1988; Smith III and Hung, 1999; Wallman et al., 1995; Wildsoet and Wallman, 1995) 
that eye growth and choroidal thickness can be influenced by optical defocus. Our results add to the 
evidence that optical defocus can also influence axial length and choroidal thickness in human eyes. 
Recent research in young adult humans found that 60 minutes of exposure to 3 dioptres of monocular 
defocus resulted in small but significant axial length changes (Read et al., 2010). Our results 
demonstrate that the human eye is also sensitive to longer periods of exposure to smaller magnitudes 
of monocular defocus (+1.5 D).   
 
After ~3 hours of exposure to +1.5 D monocular myopic defocus, the axial length was ~14 µm shorter 
compared to the axial length on the two ‘no defocus’ days at the same measurement session.  These 
reductions in axial length in response to myopic defocus are consistent with the visual system altering 
axial length to move the retina in the direction of the defocused image plane. Whilst axial length was 
relatively shorter after 3 hours of exposure to myopic defocus, the eye did not continue to become 
increasingly shorter over the rest of the day while exposed to the defocus.  Instead, a small increase in 
axial length was then observed until it reached a peak at the fourth measurement session (mean time 
~6 pm).  The daily rhythm in axial length was therefore not abolished, but instead the amplitude was 
significantly reduced, and the timing of the peak in axial length occurred approximately 6 hours later 
in the day compared to the normal daily rhythm.  The changes that we have observed in axial length 
on the day with myopic defocus appear to be the result of two different mechanisms: firstly a response 
to the imposed defocus, overlaid with the eye’s natural daily rhythms.  
 
We also observed significant daily variations in the thickness of the choroid in our young adult 
subjects that were also influenced significantly by monocular defocus. The daily rhythms in choroidal 
thickness as measured with SD-OCT on the two no-defocus days (baseline and recovery days) were 
similar in amplitude and timing to previous reports of diurnal choroidal variation in humans utilizing 
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optical low coherence reflectometry to examine choroidal thickness (Chakraborty et al., 2011), with 
the choroid typically being thickest during the night and thinnest during the day.  
 
Choroidal thickness was also significantly influenced by myopic defocus. After 3 hours of exposure to 
monocular myopic defocus, the subfoveal choroid was ~14 µm thicker than on each of the other two 
‘no defocus’ days.  These changes in choroidal thickness on the defocus day resulted in a significant 
reduction in the amplitude, and an earlier occurrence of the peak in the daily rhythm of subfoveal 
choroid thickness. Previous studies with chickens have also reported a significant disruption of the 
natural diurnal rhythms in choroidal thickness in eyes exposed to myopic defocus, with choroidal 
rhythms found to be significantly phase advanced (Nickla et al., 1998; Nickla, 2006; Papastergiou et 
al., 1998). Choroidal thickening, associated with periods of myopic defocus has also been widely 
noted in avians (Nickla et al., 2005; Park et al., 2003; Wallman et al., 1995; Wildsoet and Wallman, 
1995; Zhu et al., 2003), mammals (Howlett and McFadden, 2009), and primates (Hung et al., 2000; 
Troilo et al., 2000).    
 
Previous studies of daily rhythms of choroidal thickness in human eyes have only examined subfoveal 
measures (Brown et al., 2009; Chakraborty et al., 2011). We also examined the parafoveal choroidal 
thickness and found that choroidal regions peripheral to the fovea also exhibit significant daily 
variations that are influenced by monocular myopic defocus. The magnitude and timing of daily 
rhythms and the influence of monocular defocus in parafoveal choroidal thickness was similar to that 
observed in the subfoveal measures.  These results demonstrate that both central and more peripheral 
regions of the choroid are sensitive to defocus induced changes. Given the role of peripheral defocus 
in refractive error development in other animals (Smith III et al., 2005; 2009) further studies exploring 
peripheral ocular changes in human eyes in response to other optical defocus stimuli appear warranted.  
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The influence of periods of defocus longer than 60 minutes and the recovery from any defocus 
induced changes has not previously been documented in human subjects. In this first investigation of 
longer periods of defocus on human eyes, we examined the influence of a full day of monocular 
myopic defocus. Our findings establish that these defocus induced changes are significant, but 
transient, as the changes in the daily rhythms of axial length and choroid return to normal the 
following day, after removal of the defocus stimulus. The transient nature of these changes opens up 
the possibility for future research to examine the influence of other defocus stimuli (e.g. hyperopic 
defocus, diffuse defocus) on daily ocular rhythms, which will provide further insights into the 
response of the human eye to optical defocus and the potential role of defocus in the regulation of eye 
growth and refractive error development in human eyes. 
 
In the monocular defocus paradigm used in our current study, the effective sign and magnitude of 
optical defocus experienced by each subject depends upon the fixation preference, and level of 
accommodation employed for different visual tasks.  However, on the defocus day, there were no 
significant changes in the daily rhythms of lens thickness or anterior chamber depth in either eye, nor 
evidence of changes in accommodative behaviour from the autorefraction data from the fellow eye. 
Collectively, these findings suggest that subject’s maintained fixation with their fellow eye (and hence 
the defocused eye experienced consistent levels of myopic defocus) and that the changes in axial 
length were not confounded by changes in accommodation levels.   
 
Although, our subjects were all emmetropic young adults and therefore not undergoing active natural 
eye growth, refractive errors have been well documented to occur in young adult humans (Grosvenor 
and Scott, 1993; Kinge et al 2000; McBrien and Adams, 1997), and retinal image blur is also known to 
alter the eye growth in older adult animal models (Papastergiou, 1998, Smith et al., 1999; Troilo et al., 
2000). Our findings of a disruption in the natural ocular daily rhythms of young adults in response to 
defocus may therefore have significant implications for the role of optical defocus in the development 
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of refractive errors in human subjects.  Animal studies have shown that normal eye growth is 
characterized by a natural diurnal pattern in eye length variation, and these patterns are interrupted 
when refractive errors develop (Nickla et al., 1998; Nickla, 2006; Papastergiou et al., 1998). Small 
magnitudes of retinal image defocus experienced over extended periods of time in humans (e.g., 
ocular aberrations or lag of accommodation associated with near work), may interrupt the natural 
rhythms of eye growth and potentially result in the development of refractive errors in the longer term.  
Future research examining populations of subjects undergoing more rapid eye growth (e.g. young 
progressing myopes) will provide further insights into the potential for defocus induced changes to 
impact on human refractive error development. 
 
5. Conclusions   
In conclusion, we have shown for the first time that imposing myopic defocus on human eyes leads to 
a significant disruption (both in terms of timing and magnitude) in the daily rhythms of both axial 
length and choroidal thickness. These short term changes may represent underlying mechanisms in the 
human eye that are involved in the regulation of longer term eye growth.  
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Table 1: Overview of the mean within-subject variability for the repeated measures collected at each measurement session over the three days of measurement in the right (the eye 
that was exposed to defocus on the second measurement day) and left (the eye that was not exposed to defocus) eyes for each of the measured ocular variables including, CCT, ACD, 
LT, AL, subfoveal CT and parafoveal CT (for 0.5 mm width zones, located 0.5, 1 and 1.5 mm from foveal centre, averaged across the nasal and temporal regions).      
 
 
 
 
  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Measured  Variables 
 
Right Eye (Defocused eye)  Left Eye (Fellow eye‐no defocus) 
Variables 
Mean within‐session 
standard deviation 
Mean within‐
session range 
Mean coefficient of 
variation 
Mean within‐
session standard 
deviation 
Mean within‐
session range 
Mean coefficient 
of variation 
CCT
(mm) 
0.002  0.005  0.41%  0.002  0.006  0.45% 
ACD
(mm) 
0.017  0.040  0.59%  0.016  0.038  0.54% 
LT
(mm) 
0.024  0.057  0.67%  0.019  0.046  0.52% 
AL
(mm) 
0.007  0.016  0.03%  0.008  0.017  0.03% 
Subfoveal CT
(mm) 
0.006  0.012  1.80%  0.006  0.011  1.67% 
Parafoveal CT (0.5 mm from foveal centre) 
(mm) 
0.007  0.012  1.93%  0.007  0.012  1.86% 
Parafoveal CT (1 mm from foveal centre) 
(mm) 
0.007  0.014  2.23%  0.007  0.014  2.25% 
Parafoveal CT (1.5 mm from foveal centre) 
(mm) 
0.008  0.015  2.72%  0.009  0.016  2.78% 
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Table 2: Summary of group means and amplitude of change in AL and subfoveal CT for each of the three measurement days (day 1 the baseline day, day 2 the defocus day and day 3 
the recovery day) in the right (the eye that was exposed to defocus on the second measurement day) and left (the eye that was not exposed to defocus) eyes, and P-values from 
repeated measures ANOVA investigating the within-subjects effects of time and day and the day by time interaction. Significant P values (p<0.05) are highlighted in bold.   
Eye 
 
Variable 
 
Measurement day 
Group mean      ± 
SD 
Mean amplitude of 
change ± SD 
P value 
(Day) 
P value 
(Time) 
P value 
(Day by time) 
Right Eye 
(Defocussed eye) 
AL 
(mm) 
Day 1 (baseline) 
 
Day 2 (defocus) 
 
Day 3 (recovery) 
 
23.48 ± 0.50 
 
23.49 ± 0.50 
 
23.48 ± 0.50 
 
0.030 ± 0.012 
 
0.020 ± 0.010 
 
0.033 ± 0.012 
 
0.01 
 
<0.0001  <0.0001 
Subfoveal CT 
(mm) 
Day 1 (baseline) 
 
Day 2 (defocus) 
 
Day 3 (recovery) 
 
0.348 ± 0.037 
 
0.342 ± 0.041 
 
0.349 ± 0.037 
 
0.030 ± 0.007 
 
0.022 ± 0.006 
 
0.027 ± 0.009 
 
0.06 
 
0.04  <0.01 
Left Eye 
(Fellow eye‐no 
defocus) 
AL 
(mm) 
Day 1 (baseline) 
 
Day 2 (defocus) 
 
Day 3 (recovery) 
 
23.48 ± 0.52 
 
23.48 ± 0.52 
 
23.48 ± 0.52 
 
0.031 ± 0.012 
 
0.024 ± 0.009 
 
0.032 ± 0.013 
 
0.18 
 
<0.0001  0.32 
Subfoveal CT 
(mm) 
Day 1 (baseline) 
 
Day 2 (defocus) 
 
Day 3 (recovery) 
 
0.357 ± 0.035 
 
0.356 ± 0.038 
 
0.357± 0.036 
 
0.028 ± 0.007 
 
0.026 ± 0.006 
 
0.028 ± 0.008 
 
0.87 
 
<0.0001  0.80 
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Table 3: Summary of group means and amplitude of change in parafoveal CT for each of the three measurement days (day 1 the baseline day, day 2 the defocus day and day 3 the 
recovery day) for both nasal and temporal regions, within a series of 0.5 mm width zones located at 0.5, 1.0 and 1.5 mm from foveal centre in the right (the eye that was exposed to 
defocus on the second measurement day) and left (the eye that was not exposed to defocus) eyes. Repeated measures ANOVA revealed a significant effect of time and eccentricity 
(p<0.0001) for both right and left eye, and a significant day by time interaction (p=0.01) for the right eye only.   
 
                                    Measured  Variables 
 
Right Eye (Defocussed eye)  Left Eye (Fellow eye – no defocus) 
 
Regions of choroid 
 
Eccentricity  from 
fovea (mm) 
Days  Group mean ± SD 
Mean amplitude of 
change ± SD 
Group mean ± SD 
Mean amplitude of 
change ± SD 
Temporal 
(mm) 
0.5 
 
Day 1 (baseline) 
 
Day 2 (defocus) 
 
Day 3 (recovery) 
0.342 ± 0.038 
 
0.337 ± 0.042 
 
0.343 ± 0.037 
0.030 ± 0.007 
 
0.025 ± 0.008 
 
0.026 ± 0.011 
0.352 ± 0.038 
 
0.351 ± 0.040 
 
0.352 ± 0.039 
0.027 ± 0.006 
 
0.027 ± 0.006 
 
0.026 ± 0.008 
1 
 
Day 1 (baseline) 
 
Day 2 (defocus) 
 
Day 3 (recovery) 
0.327 ± 0.039 
 
0.322 ± 0.042 
 
0.327 ± 0.038 
0.028 ± 0.009 
 
0.024 ± 0.007 
 
0.025 ± 0.010 
0.336 ± 0.041 
 
0.335 ± 0.043 
 
0.335 ± 0.041 
0.027 ± 0.007 
 
0.027 ± 0.006 
 
0.023 ± 0.008 
1.5 
Day 1 (baseline) 
 
Day 2 (defocus) 
 
Day 3 (recovery) 
0.303 ± 0.041 
 
0.300 ± 0.042 
 
0.301 ± 0.040 
0.024 ± 0.008 
 
0.021 ± 0.008 
 
0.023 ± 0.010 
0.309 ± 0.046 
 
0.308 ± 0.049 
 
0.306 ± 0.046 
0.028 ± 0.009 
 
0.028 ± 0.007 
 
0.022 ± 0.008 
Nasal 
(mm) 
0.5 
Day 1 (baseline) 
 
Day 2 (defocus) 
 
Day 3 (recovery) 
0.344 ± 0.037 
 
0.338 ± 0.041 
 
0.344 ± 0.037 
 
0.028 ± 0.009 
 
0.024 ± 0.014 
 
0.024 ± 0.009 
0.352 ± 0.032 
 
0.350 ± 0.034 
 
0.351 ± 0.031 
 
0.028 ± 0.008 
 
0.025 ± 0.006 
 
0.028 ± 0.009 
1 
 
Day 1 (baseline) 
 
Day 2 (defocus) 
 
Day 3 (recovery) 
0.330 ± 0.037 
 
0.325 ± 0.039 
 
0.329 ± 0.035 
0.024 ± 0.010 
 
0.024 ± 0.015 
 
0.024 ± 0.008 
0.334 ± 0.029 
 
0.333 ± 0.032 
 
0.332 ± 0.028 
0.027 ± 0.008 
 
0.024 ± 0.006 
 
0.026 ± 0.010 
1.5 
 
Day 1 (baseline) 
 
Day 2 (defocus) 
 
Day 3 (recovery) 
0.306 ± 0.038 
 
0.301 ± 0.038 
 
0.305 ± 0.033 
0.021 ± 0.010 
 
0.025 ± 0.012 
 
0.024 ± 0.007 
0.304 ± 0.030 
 
0.303 ± 0.032 
 
0.301 ± 0.029 
0.023 ± 0.008 
 
0.023 ± 0.007 
 
0.022 ± 0.010 
   
25 
 
Figure captions: 
                                                               
 
Figure 1: Example of an averaged B-scan image from one session following registration and alignment of 
each of the 50 individual B-scans, illustrating choroidal thickness (the distance from the outer boundary of 
the RPE to the inner boundary of the choroidal/scleral interface) measurements in a range of different zones 
based upon the manual segmentation of each average B-Scan. This includes the subfoveal CT (       ), and the 
parafoveal CT (3 mm diameter) for both nasal and temporal regions, within a series of 0.5 mm width zones 
located at 0.5 (       ), 1.0 (       ) and 1.5 (      ) mm from the foveal centre.   
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Figure 2: Mean change in AL for each of the three measurement days (5 sessions each on day 1 the baseline 
day, day 2 the defocus day and day 3 the recovery day) in the right (the eye that was exposed to defocus on 
the second measurement day, top) and left (the eye that was not exposed to defocus, bottom) eyes. In order to 
highlight the diurnal variations, all values are expressed as the difference from the mean of 15 sessions 
across the three measurement days (i.e. all values are normalized to the mean).  Repeated measures ANOVA 
revealed significant diurnal variations (p<0.0001), and significant time-day interaction (p<0.0001) in AL. 
Vertical error bars, standard error of the mean (SEM); horizontal error bars, standars error in the mean time 
that the measurement was taken at each session (in hours).      
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Figure 3: Mean change in subfoveal CT for each of the three measurement days (5 sessions each on day 1 the 
baseline day, day 2 the defocus day and day 3 the recovery day) in the right (the eye that was exposed to 
defocus on the second measurement day, top) and left (the eye that was not exposed to defocus, bottom) 
eyes. In order to highlight the diurnal variations, all values are expressed as the difference from the mean of 
15 sessions across the three measurement days (i.e. all values are normalized to the mean). Repeated 
measures ANOVA revealed significant diurnal variations (p=0.04), and significant time-day interaction 
(p<0.01) in subfoveal CT. Vertical error bars, standard error of the mean (SEM); horizontal error bars, 
standars error in the mean time that the measurement was taken at each session (in hours).      
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Figure 4: Mean change in parafoveal CT (for 0.5 mm width zones located 0.5, 1 and 1.5 mm from foveal 
centre, averaged across the nasal and temporal regions) for each of the three measurement days (5 sessions 
each on day 1 the baseline day, day 2 the defocus day and day 3 the recovery day) in the right (the eye that 
was exposed to defocus on the second measurement day, top) and left (the eye that was not exposed to 
defocus, bottom) eyes. In order to highlight the diurnal variations, all values are expressed as the difference 
from the mean of 15 sessions across the three measurement days (i.e. all values are normalized to the mean). 
Repeated measures ANOVA revealed a significant effect of time and location (p<0.0001) for both the right 
and left eye, and a significant day by time interaction (p=0.01) for the right eye only in parafoveal CT. 
Vertical error bars, standard error of the mean (SEM); horizontal error bars, standars error in the mean time 
that the measurement was taken at each session (in hours).        
 
 
 
